Argon fluoride laser (ArF) lithography using immersion technology has the potential to extend the application of optical lithography to 45 nm half-pitch and possibly beyond. By keeping the same 4ϫ magnification factor, the dimensions of the structures on masks are becoming comparable to the exposure wavelength or even smaller. The polarization effect induced by mask features is, however, an issue. The introduction of a larger mask magnification should be strongly considered when poor diffraction efficiencies from subwavelength mask features and the resulting image degradation would be encountered in hyper-NA lithography. The dependence of the diffraction efficiencies on mask pitch and illuminating angle are evaluated. The near-field intensity and phase distributions from the mask are calculated. The imaging performance of 4ϫ and 8ϫ masks for the sub-45 nm node are explored. A rigorous coupled-wave analysis is developed and employed to analyze the optical diffraction from the 3D topographic periodic features.
INTRODUCTION
Argon fluoride laser (ArF) lithography using immersion technology has the potential to extend the applicability of optical lithography to 45 nm half-pitch and possibly beyond.
1 Several techniques, such as higher-index materials, 2-4 polarization illumination, 5, 6 and the multiple exposure technique, [6] [7] [8] are further developed to extend 193 nm immersion lithography beyond 45 nm halfpitch. However, by keeping the same 4ϫ magnification factor, the dimensions of the structures on masks are becoming comparable to the exposure wavelength or even smaller. The polarization effect induced by the mask features is, however, an issue. [9] [10] [11] [12] The improved resolution capabilities of the optical systems also increase the sensitivity of these systems to the mask defects. Therefore, the defect printability at the 4ϫ mask will be a severe problem. 13 The mask cost would increase significantly because of the stringent mask critical dimension (CD) control and the use of the complicated optical proximity correction or attendant features. Moreover, the traditionally used Kirchhoff approximation is no longer valid to describe the light diffraction from the mask. A more complicated rigorous electromagnetic modeling method should be employed in designing the resolution enhancement masks or in modeling the optical proximity behavior. This would result in a longer calculating cycle time. The change to a higher mask magnification factor could relax the above-mentioned severe situations. 6, 14, 15 The cost of the lens system could be reduced due to the reduced exposure field size. However, the lower throughput due to a smaller field size would then be the major concern. The introduction of a larger mask magnification should be strongly considered when the poor diffraction efficiencies from the subwavelength mask features and the resulting image degradation would be encountered in hyper-NA lithography.
In this work, the rigorous coupled-wave analysis (RCWA) [16] [17] [18] is developed and employed to analyze the optical diffraction from the 3D topographic periodic features. Section 2 presents our approach of mask diffraction analysis with the RCWA algorithm and the subsequent high-NA vector imaging analysis. In Section 3, the dependences of the diffraction efficiencies of an attenuated phase-shifting mask (attPSM) on feature pitches and illuminating angles are illustrated. The near-field intensity and phase distributions from the mask are calculated. The imaging performance of 4ϫ and 8ϫ masks for the sub-45 nm node are compared. Finally, we conclude in Section 4 with a summary.
ANALYSIS
Traditionally, the Kirchhoff boundary condition has been widely used in aerial image simulations. 19 The mask is assumed to be infinitely thin and the transmitted electric field is assumed to be a perfect step function with a constant phase shift. However, when the feature sizes on the mask are of the order of the wavelength or even smaller, this assumption is not accurate and a rigorous electromagnetic method, [16] [17] [18] 20, 21 such as RCWA, finitedifference time domain (FDTD) method, finite-element method, or waveguide method, should be employed to take into account the 3D topographic effects on the mask. Among the above approaches, the FDTD and RCWA are the most widely used methods to analyze the light diffraction from the 3D topography on masks. The FDTD method discretizes Maxwell's equations in both time and space in a straightforward manner and solves the scattering problem by simulating the field evolution through time until the time-harmonic steady-state solution is reached. The perfect matched layer (PML) method 22 is adopted to restrict the simulated problems in a finite computational domain. The incident waves are applied with the total and scattered field formulation. 23 The speed and accuracy of the FDTD method depend on the space and time discretization, the total simulating time period, and the PML parameters. Although the FDTD method is capable of simulating arbitrary 2D or 3D geometries, considerably larger computing resources in terms of computing time and memory are required. The RCWA method describes the propagating fields inside the mask with periodic structures by a plane wave expansion. Maxwell's equations are then converted into a system of linear ordinary differential equations by applying spatial Fourier expansions of the field and the permittivity. The speed and accuracy of the RCWA method depend on the number of retained orders. 17, 18 The advantage of using the RCWA is that the transmitted field from the mask has been expressed in terms of the spatial Fourier expansion, which can be directly employed in the following aerial image analysis. Moreover, when simulating 2D periodic structures such as contact-hole patterns, computing efficiency can be improved considerably more by applying the symmetry properties of the grating diffraction problem. 24 Figure 1 illustrates the geometry of the RCWA configuration for the mask. The whole structure can be divided into three regions: the incident region (region I), the grating region (region II), and the exit region (region III). The incident normalized electric field can be expressed in the form
where û is the unit polarization vector, k inc,x = k 0 n I sin cos , k inc,y = k 0 n I sin sin , k inc,z = k 0 n I cos , k 0 =2 / , and n I is the refractive index of the incident region. The total electric fields in the external regions (I, III) can be expressed as
where R mn and T mn are the complex amplitudes of ͑m , n͒th reflected and transmitted orders, respectively. The wave vector components k xm and k yn can be determined from the Floquet conditions and are given by
where R is the reduction factor of the projection system. For example, R is equal to 4 for the 4ϫ reduction; ⌳ x and ⌳ y are the periods of the grating along the x and y directions in the wafer scale. n I and n III are the refractive indices of the incident and exit regions. The magnetic fields in the external regions can be obtained from Maxwell's equation
where 0 is the permeability of free space and is the angular optical frequency. In the grating region, the periodic permittivity can be expressed in the Fourier expansion:
The electric and magnetic fields in the grating region can be expressed with a Fourier expansion in terms of the space-harmonic fields,
S mn ͑z͒exp͓− j͑k xm x + k yn y͔͒,
where 0 and 0 are the permittivity and permeability of free space, respectively. S mn and U mn are the complex amplitudes of the ͑m , n͒th space-harmonic fields. Finally, by applying Maxwell's equation in the grating region and matching the boundary conditions at the interface of the three regions, the unknown amplitudes R mn and T nm of the diffracted waves can be determined. The near-field distribution of the periodic mask can thus be treated as the complex amplitude distribution of the object in the imaging system and is rewritten directly from Eq. (2),
where
; ͓␣ m , ␤ n , ␥ mn ͔ are the unit propagation vectors of the diffracted beams from the mask. n III is the refractive index of the exit region from the mask, which is air and equal to 1 in current optical lithography. By considering the reduction factor R and image inversion, the mask object can be further expressed as
where ͑x , ỹ͒ =−͑x , y͒ / R are the reduced coordinates in the object plane. n fluid is the refractive index of the immersion fluid. ͓␣ m Ј , ␤ n Ј , ␥ mn Ј ͔ are the unit propagation vectors of the diffracted light propagating into the exit pupil of the optical system and are related with the vectors ͓␣ m , ␤ n , ␥ mn ͔ from the entrance pupil by
To calculate the corresponding image, the mask object, the pupil function of the optical system, the influence of polarization in image formation, and the resist thin-film effects should be taken into account. The final image distribution can be expressed as
where E G ͑␣Ј , ␤Ј͒ is the spatial spectrum of the mask object obtained with the Fourier transform operation. The complex amplitudes T mn of ͑m , n͒th transmitted orders determined from the RCWA approach can be treated as the amplitudes of the ͑m , n͒th spatial components of the mask directly:
͑11͒
The pupil function H describes the conditions of the individual spatial components inside the optical system. Higher frequency components of the diffracted beams are filtered out by the pupil and the transmitted frequency components then interfere at the wafer surface to form the aerial image. Assuming that the optical system has no polarization dependency in our analysis, the pupil function H can be scalar in the following form:
In a high-NA optical system, the diffracted beams propagate at very large angles relative to the optical axis and then come into interference at the image plane. Therefore, the influence of polarization effects on the image formation should also be taken into account. The polarization matrix P decomposes the x, y, and z components of the field vector into its TE and TM components at the image plane.
͑13͒
If the light passes through the entrance pupil with a relatively small angle to the optical axis, i.e., ␥ Х 1 and ␣ 2 + ␤ 2 Х 0, the polarization matrix P is then reduced to the form in Refs. 25 and 26. Finally, if one needs to take account of the thin-film effects of the resist stack, the thinfilm matrix F derived by Flagello 26 et al. should also be considered in Eq. (10).
RESULTS
Attenuated phase shifting mask (AttPSM) is a wellestablished resolution enhancement technique in 193 nm lithography and has been widely used for device manufacturing. The process latitude is improved as compared with that of the binary mask and its design and manufacturing is much easier than alternating PSM. 27 Therefore, the case of commonly used MoSi-based attPSM is demonstrated here. The phase absorber material is assumed to be MoSiON with the optical constant (2.343, 0.586) (Ref.
12), and will be used in all the following simulations. The thickness of MoSiON is 72 nm to provide a 180°phase shift and 6.4% transmission. Figure 2 shows the simulated diffraction efficiencies of the attPSM with 1:1 line and pace patterns. The mask magnification factors of 4 ϫ and 8ϫ were compared and the dimensions were normalized to the wafer scale. In the Kirchhoff approximation, the diffraction efficiencies of an attPSM with line and space patterns can be written as
where T is the transmission of the absorber, CD is the linewidth of the opening region, ⌳ is the pitch, and m is the diffracted order of the transmitted light. With the Kirchhoff approximation, the diffraction efficiencies depend only on the transmission of the absorber and the ratio between linewidth and pitch. To take into account the 3D topography and the further optical properties of the absorber, the rigorous electromagnetic calculations should be applied. As shown in Fig. 2(a) , there is an obvious turning point at the 48.25 nm half-pitch in the wafer scale, which is equal to the illuminating wavelength 193 nm on the 4ϫ mask. When the patterns are smaller than the 48.25 nm half-pitch, the diffraction efficiencies of TE-polarized light decrease sharply. The diffraction efficiencies of the zeroth and ±1st diffracted lights are 10.52% and 14.55%, respectively, in the 100 nm half-pitch and those values decrease to 3.62% and 8.59% in the 32 nm half-pitch. For the 8ϫ mask, the turning point is lowered to 24.125 nm half-pitch. The diffraction efficiencies of the zeroth and ±1st diffracted lights can be kept to 8.20% and 14.26% in the 32 nm half-pitch and therefore, better contrast images can be formed. The diffraction ef- ficiencies of the TM-polarized light were also simulated in Fig. 2(b) . The diffraction efficiencies of the zeroth and ±1st diffracted lights are 11.00% and 13.80%, respectively, in the 32 nm half-pitch of the 4ϫ mask. The diffraction efficiencies of the TM-polarized light are apparently better than those of TE-polarized light, which is similar to the behavior of a wire-grid polarizer 28 and has been mentioned in Refs. 10 and 11. 
͑15͒
It is found that the 4ϫ mask tends to polarize the transmitted light into the TM polarization state especially for a half-pitch smaller than / 4 in the wafer scale. For the 8 ϫ mask, the apparent polarizing phenomenon can be postponed to /8. Because of the off-axis illumination in the advanced lithography, the variation in the diffraction efficiencies with different illuminating angles was also evaluated. In the Kirchhoff approximation, the diffraction efficiencies are independent of the illuminating angles, which is valid for mask pitches much larger than the illuminating wavelength. However, when the mask pitch is smaller than the illuminating wavelength, the diffraction efficiencies vary significantly with the illuminating angle. As shown in Fig. 3(a) , the TE zeroth diffraction efficiency of the 4ϫ mask is 3.62% in the normal incidence and has a maximum value of 4.94% when NA is equal to ±1. This is much smaller than 13.95% obtained from the Kirchhoff approximation. The TE zeroth diffraction efficiency of the 8ϫ mask varies from 8.19% to 8.76%. The pattern is 32 nm, equal line and space to the wafer scale. To include the mask magnification factor, the illuminating angle is defined in terms of ϫ NA,
The TE Ϫ1st diffraction efficiency of the 4ϫ mask is 8.59% in the case of normal incidence. The Ϫ1st diffracted light vanishes when NAՅ −1 and increases up to 12.65% when NA= 1. For the 8ϫ mask, its Ϫ1st diffraction efficiency varies from 13.82% to 14.48%. The zeroth and Ϫ1st diffraction efficiency in the 8ϫ mask approach the Kirchhoff approximation and are almost independent of the illuminating angle. The case of 45 nm half-pitch was also simulated as shown in Fig. 3(b) for comparison. For NA larger than 0.2, the diffraction efficiency of the Ϫ1st diffracted light varies from 15.00% to 15.72%, which is almost independent of the illuminating angle and approaches the Kirchhoff approximation. A NA larger than 0.2 is usually found in the region of the operating condition with off-axis illumination. Figure 4(a) shows the diffraction efficiencies of the TM polarization. For the 4ϫ mask, the TM zeroth diffraction efficiency is 11.00% for normal incidence and has a minimum value of.7.27% when NA is equal to ±1. The Ϫ1st diffraction efficiency varies between 12.44% and 14.09% when NA is larger than −0.85, which is much better than the case of TE polarization. When NA is smaller than −0.85, the diffraction efficiency of the Ϫ1st diffracted light drops quickly to zero which is similar to the behavior of the Kirchhoff approximation. From Eq. (3), the Ϫ1st diffracted light of the 4ϫ mask turns to an evanescent wave when NA is smaller than −1. Together with the simulation results in Figs. 2-4 , the TM transmitted light from the 4ϫ mask can maintain relatively good diffraction efficiencies down to around 30 nm half-pitch in the wafer scale. The diffraction efficiencies are not strongly dependent on the illuminating angle even in the case of 32 nm half-pitch with the 4ϫ mask. However, the TE transmitted light is preferred in hyper-NA lithography. The image contrast under TM illumination is worse than that under the TE illumination because of the cos͑2͒ factor in TM imaging.
where A 1 , A −1 are the amplitudes of the two beams, is the incident angle in the imaging space, k is equal to 2n/, and n is the refractive index of the imaging space. Because of the better TE diffraction efficiencies from the 8ϫ mask, the migration from 4ϫ masks to 8ϫ masks should be considered for the 32 nm half-pitch node. To visualize the intensity and phase distributions after the exposing light passes through the 3D topographic features, the near-field distributions of the masks were calculated as shown in Fig. 5 . The patterns are 32 nm CD in 64, 96, and 128 nm pitches in the wafer scale and were assumed to be illuminated with TE-polarized light. The cases of normal incidence and off-axis illumination with an angle corresponding to NA= 1.47 were simulated. For the 8ϫ mask, the shapes of the near field intensity in the mask transmitting region are similar in all pitches regardless of the incident angle. There are 180°phase differences between the mask transmitting and attenuating regions, which is characteristic of the attPSM. The positions of the phase drop between the transmitting and attenuating regions are situated at the pattern edges of the 8ϫ mask. For the 4ϫ mask, the image contrast of the near-field intensity is much poorer than those of the 8ϫ mask. The positions of the phase drop between the transmitting and attenuating regions are deviated from the pattern edges in the case of normal incidence. The phase distributions are worse and deviate far from the Kirchhoff assumption in the off-axis angle NA= 1.47. There are no distinct 180°phase differences between the mask transmitting and attenuating regions for the 4ϫ mask. The near-field intensities and phases of the contact-hole pattern were simulated as shown in Fig. 6 . The mask CD is 32 nm in the wafer scale with a 1:1 hole-to-space ratio. The exposing light was assumed to be polarized in the direction of the y axis with normal incidence. For the 8ϫ mask, there is a strong peak in the hole center and the 180°phase difference is clear between the mask transmitting and attenuating regions. However, for the 4ϫ mask, the peak intensity is much smaller and is only 15.7% of the value of the 8ϫ mask owing to the lower diffraction efficiencies in the subwavelength features. Moreover, there are strong sidelobes in the four corners for the 4ϫ mask. The near-field phase distribution deviates from the pattern shape. In summary, the 8ϫ mask shows a better near-field intensity and phase distribution both in the 1D and the 2D patterns.
Traditionally, in the aerial image calculation, shift invariance of the diffraction spectrum is assumed to simplify the simulation process. Only the diffraction spectrum with a normal incidence needs to be calculated. The diffraction spectrum for oblique incidence is approximated by shifting the diffraction spectrum of normal incidence in the direction of the incident light. However, from the above analyses, it was found that the diffraction spectrum will be strongly dependent on the illumination angle in hyper-NA lithography. Therefore, the shift invariance property is no longer valid and Abbé's approach should be used instead of Hopkins's approach in the following aerial image simulation. In Abbé's method, the illuminating source is discretized into mutually independent coherent point sources. The final aerial image is then obtained by an incoherent superposition of all the contributions from each point source. Figure 7 shows the aerial images in the immersion fluid. The resist thin-film effects are not considered in our analysis. The patterns are 32 nm CD in 64, 96, and 128 nm pitches in the wafer scale. The NA of the imaging system was assumed to be 1.55 with the highindex immersion fluid and lens material. The illumination is in the dipole configuration with center = 0.95 and radius = 0. Both the TE and TM polarization were simulated. The solid curves are the aerial image from the 4ϫ mask and the dashed curves are from the 8ϫ mask. The images are normalized to the open frame intensity, which is the intensity of a clear mask without any feature. In the TE illumination, the aerial images of the 8ϫ mask show a better image contrast owing to the higher diffraction efficiencies from the 8ϫ mask. The reflection between the immersion fluid and the photoresist is not taken into account here. Because the reflectance increases with an increased incident angle, the image contrast will be worse than those shown in Fig. 7 . In TM illumination, there are no significant differences between the aerial images of the 4ϫ and 8ϫ mask. However, the image contrasts are not good, which has been mentioned in the diffraction efficiency analysis. Furthermore, it is found that the intensity peak of the 1:1 line and space pattern under TM illumination is shifted one half-pitch in the lateral direction. This will happen when the incident angles are larger than 45°. From the Eq. (17), the cos͑2͒ factor is negative when is larger than 45°.
CONCLUSION
In this study, the influence of mask magnification on lithographic imaging for the sub-45 nm node was evaluated with RCWA. The TE and TM diffraction efficiencies from the 4ϫ and 8ϫ attPSM mask were compared. Although the diffraction efficiencies of the TM transmitted light from the 4ϫ mask are not strongly dependent on the illuminating angle and are kept relatively high in the 32 nm half-pitch, the TM-polarized light is not preferred due to poor image contrast. For TE-polarized light, the diffraction efficiencies of the 4ϫ mask decrease sharply from the / 4 half-pitch, i.e., 48.25 nm. In the near-field distribution of the 4ϫ mask for the 32 nm CD, the positions of the phase drop between the transmitting and attenuating regions deviate from the pattern edges in the case of normal incidence. The situation is worse in the case of off-axis illumination, NA= 1.47, and the phase distribution cannot be kept correctly. The introduction of higher mask magnification can relax these severe situations seen with the 4ϫ mask. For the 8ϫ mask, the obvious decrease in the TE diffraction efficiencies can be lowered to / 8 half-pitch, i.e., 24.125 nm. The diffraction efficiencies can be almost independent of the illuminating angle. Distinct 180°phase differences between the mask transmitting and attenuating regions are maintained. Therefore, better lithographic performance can be obtained by using the 8ϫ mask. Furthermore, the mask cost and defect control problem can be reduced. If hyper-NA lithography with a high-index immersion fluid and lens material can be obtained, the migration from 4ϫ to 8ϫ masks should be strongly considered.
